Many implementations of electroencephalogram (EEG) dipole source localization neglect the anisotropical conductivities inherent to brain tissues, such as the skull and white matter anisotropy. An examination of dipole localization errors is made in EEG source analysis, due to not incorporating the anisotropic properties of the conductivity of the skull and white matter. First, simulations were performed in a 5 shell spherical head model using the analytical formula. Test dipoles were placed in three orthogonal planes in the spherical head model. Neglecting the skull anisotropy results in a dipole localization error of, on average, 13.73 mm with a maximum of 24.51 mm. For white matter anisotropy these values are 11.21 mm and 26.3 mm, respectively. Next, a finite difference method (FDM), presented by Saleheen and Kwong (1997 IEEE Trans. Biomed. Eng. 44 800-9), is used to incorporate the anisotropy of the skull and white matter. The FDM method has been validated for EEG dipole source localization in head models with all compartments isotropic as well as in a head model with white matter anisotropy. In a head model with skull anisotropy the numerical method could only be validated if the 3D lattice was chosen very fine (grid size 2 mm).
Introduction
Electroencephalogram (EEG) dipole source localization has proven to be a valuable tool in the pre-surgical evaluation of patients suffering from epilepsy (Boon et al 1996) and eventrelated potentials or ERPs (Scherg 1992 ). This technique can make an estimate of the active (a) The skull consists of three layers: a spongiform layer between two hard layers. The conductivity tangentially to the skull surface is 10 times larger than the radial conductivity. (b) White matter consists of axons, grouped in bundles. The conductivity along the nerve bundle is 9 times larger than perpendicular to the nerve bundle.
anatomical zone based on the measured EEG. EEG dipole source localization consists of two subproblems, i.e., the forward and the inverse problem. The forward problem calculates the electrode potentials in a head model, given the source(s) (usually a current dipole).
On the other hand, the inverse problem is solved by finding the dipole which best represents the given potentials at the scalp electrodes. This can be performed by iteratively modifying the dipole parameters, until for a given set of parameters, the associated potentials (found by the forward problem) best represent the measured potentials.
Besides the current dipole, as a model for active neurons, a volume conductor model is required to perform EEG source localization of the human head. The earliest model used was the three-shell spherical head model, consisting of a brain compartment, a skull compartment and a scalp compartment (Salu et al 1990) . An analytical expression exists to solve the forward problem in those head models. In the last decade more realistic shaped head models have been used (Huiskamp et al 1999 , Yvert et al 1997 . These models are based on segmented 3D magnetic resonance images. It has been shown that the dipole localization error between spherical and realistic head models is on average 2 cm (Yvert et al 1997) . Recently, the ratio of the conductivity value of the skull compartment to the conductivity value of the brain compartment has been updated from 1/80 compared with the brain compartment to 1/16 (Ferree et al 2000) . Dipole localization differences of 30 mm were reported (Vanrumste et al 2000) due to utilizing older values instead of the newer ones.
The conductivity of skull tissue and white matter is direction dependent or anisotropic (see figure 1) . Furthermore, it is well known that skull tissue has an anisotropic conductivity with a ratio of up to 1:10 (radially:tangentially to the skull surface) (Wolters et al 2001) . For white matter, a similar anisotropy ratio is known. Haueisen et al and Wolters et al showed that white matter anisotropy has an influence on the forward solution for EEG and MEG (Wolters et al 2001 , Haueisen et al 2002 . In these studies, the authors concluded that the anisotropic conductivities should not be neglected. Note that there are analytical expressions available that can incorporate tangential and radial conductivity in a multi-shell spherical head model (de Munck and Peters 1993) .
Techniques able to solve the forward problem in a realistically shaped head model with anisotropic conducting compartments are the finite difference method (FDM) and the finite element method (FEM). In contrast, the boundary element method (BEM) can only be used if the compartments are assumed isotropic. Our preference goes to FDM as it uses a regular 3D cubic grid, which can easily be extracted from the MR images. Furthermore, FDM requires no tessellation, which may be troublesome in 3D volumes. Although the FEM results are comparable with FDM results from the same grid, the computational expense of FDM is much smaller than that of FEM (Darvas et al 2004) . Using the mutual dependence of the input and the output of the forward problem or reciprocity, the number of forward calculations can be significantly reduced. This leads to a substantial reduction of the calculation time compared to the procedure in which for each forward evaluation in the inverse problem, a potential distribution needs to be calculated numerically (Vanrumste et al 2001) . To our knowledge, this is the first time that FDM with reciprocity has been used to incorporate anisotropic conductivity values in EEG dipole source localization.
The aim of the study is to assess whether FDM with reciprocity (FDM-R) can be used to perform EEG dipole localization in a head model with an anisotropic skull and a white matter compartment. This is carried out by inspecting dipole localization errors which are solely due to the discretization of the spherical head model and discretization of anisotropy values in a five-shell spherical head model.
These errors are compared with those found by not incorporating an anisotropic compartment in a five-shell spherical head model. In this reference model the errors are solely due to not incorporating anisotropy.
Incorporating anisotropy into the finite difference method

The forward problem
Solving the forward problem in EEG dipole source localization results in the electric potentials, caused by the current dipole in a volume conductor, representing the human head. The solution to Poisson's differential equation yields the electric potentials (Sarvas 1987) ,
where V (x, y, z) is the potential distribution inside the head model, σ (x, y, z) denotes the conductivity tensor which is place dependent, δ(t) is the Dirac function and r 1 , r 2 are the location coordinates of the current source and current sink of the dipole, respectively. Important to note is that the relationship between the electrode potentials V dipole ∈ m×1 (m being the number of electrodes), the dipole location, r = (x, y, z) T ∈ 3×1 , and the dipole moments,
T ∈ 3×1 , can always be written as follows, regardless of the specific head model used,
where L(r) ∈ m×3 is the lead-field matrix for a dipole at location r. As mentioned in the introductory part, the forward problem can be solved by an analytical expression, for spherical head models, or by numerical methods, for realistic head models. An analytical expression, which can handle anisotropic conductivities, has been presented by de Munck and Peters (1993) . This expression uses a finite sum of Legendre terms. However, the analytical expression can only be used in spherical head models and the anisotropy in the conductivities is limited to a radial and a tangential direction.
The finite difference method (FDM)
Numerical methods use a computational grid or lattice to solve the forward problem. For FDM the head is tessellated in a cubic grid, where each cube has the same size. Each cubic element has a conductivity tensor allocated, depending on the compartment to which it belongs. In this study, we used four kinds of compartments: scalp, skull, white matter and grey matter. Only the scalp and grey matter compartments are considered isotropic throughout the study. For isotropic tissues the conductivity tensor becomes a scalar. However, for anisotropic conducting tissues, the conductivity tensor can vary for different positions in the anisotropic compartment.
In the multi-shell spherical head model the conductivity tensor in the skull and white matter compartment is a diagonal matrix. If we assume that the local coordinate system is in the radial and tangential direction, then the conductivity tensor at an element j can be written as follows
where σ j t and σ j r are the conductivities in the tangential and radial direction at element j , respectively. The matrix representation has to be transformed to a global Cartesian coordinate system of the head, equal for all elements. Therefore a rotation matrix has to be applied. The matrix representation of the conductivity tensor at element j in the Cartesian system of the head is then given by σ j head = T j T σ j sph T j , where T is a rotation transfer matrix from the local coordinate system to the global coordinate system (Hinchey 1976) .
A finite difference method which can handle these properties has been presented by Saleheen and Kwong (1998) . The method differs from the finite difference method, which puts the computational points at the centre of the elements, in that it calculates the potential values at the nodes of the elements.
Basically, the method states that in a 3D cubic lattice, the potential value at point 0 can be written as a linear combination of potential values at 18 neighbours according to figure 2. Thus, Poisson's equation (1) can be approximated in a finite difference calculation scheme as follows,
where φ i is the discrete potential value at node i. Note that we use V for continuous potential values and φ for discrete potential values. a i are the coefficients depending on the conductivity tensor of the elements and the internode distance. These coefficients are given in Saleheen and Kwong (1998) . The dipole source is characterized by the right-hand side of the equation.
The current injected or removed is denoted by I and the location of the current source and sink is denoted by r 1 and r 2 , respectively. The location of node at 0 is denoted by r. At nodes at the corners of the compartment as illustrated in figure 2 (for example node 11), the boundary normal cannot obviously be defined. Hence, other procedures need to be used to derive the finite difference equations. The study uses the 'transition layer' method to remove singularities in spatial derivatives of the conductivities in order to derive the finite difference approximation of Laplace's equation for the configuration in figure 2. This has an advantage if we want to enforce a Neumann boundary condition in the forward problem: the FDM formulation allows a discrete change or discontinuity in conductivity between neighbouring elements and will automatically incorporate the boundary between two different materials (Saleheen and Kwong 1998) .
For each computational point a linear equation can be written as in equation (3), and for all computational points we obtain a set of linear equations which can be written as follows:
n×n is the stiffness matrix and is dependent on the isotropic or anisotropic conductivities at the elements. The I ∈ n×1 is the array which denotes the current source and sink. The current source and current sink at i and j are indicated by I(i) = I and I(j ) = −I , respectively. All remaining elements are zero. n is the number of computational points. Furthermore, the stiffness matrix A is sparse as for each row there are at most 18 off-diagonal elements non-zero. We wish to solve this system for V ∈ n×1 .
Successive overrelaxation
To solve this large sparse linear system, iterative methods need to be used. We have utilized successive overrelaxation (SOR) (Barrett et al 1994) . The SOR is a method for solving a linear system of equations and is derived from an extrapolation to the Gauss-Seidel method. This extrapolation takes the form of a weighted average between the previous iterate, φ
, and the computed Gauss-Seidel iterate successively for each component,
wherex is the Gauss-Seidel iterate, and ω is the extrapolation factor. After j iterations, the node potentials, φ (j ) i , ∀1 i n, will be equal to j = (φ 0 , φ 1 , . . . , φ n ). The iteration is terminated when the residual (r j = A j − I ) stops decreasing. An optimal extrapolation factor ω opt , which yields a minimum of iterations to satisfy the termination criterion, is dependent on the grid size. From tests, we have found that the extrapolation factor used in SOR with values ω = 1.93, ω = 1.95 and ω = 1.97 for a grid size of 3, 2 and 1 mm, respectively, yields in general the smallest number of iterations. An implementation has been made in Matlab and the calculation time for a grid size of 3, 2 and 1 mm takes typically 15 min, 2 h and 6 h respectively (Pentium 4, 2.6 GHz, 2 GBytes RAM).
Reciprocity
It would be too time-consuming to solve the forward problem for each dipole position and orientation utilizing successive overrelaxation. Therefore, the reciprocity theorem is used to reduce the number of forward calculations. Reciprocity was introduced in EEG source analysis by Rush and Driscoll (1969) . Reciprocity describes the relation of mutual dependence of the input and the output of the linear system: the voltage between two electrodes at the surface due to a current source and current sink infinitesimally close to each other (dipole configuration), equals the voltage between these two points due to a unit current at the initial electrodes (Malmivuo and Plonsey 1995) . By solving only one forward calculation numerically, by introducing current monopoles at an electrode pair, and storing the obtained node potentials or lead-field (which is the gradient of the potential field) in a data structure, one can obtain the potential difference at the electrode pair for every dipole position and orientation as follows,
with U AB the potential difference between the scalp electrodes A and B generated by the dipole at position r and with moment d. I AB is a fictive unit current which enters at electrode A and leaves at electrode B. When r does not coincide with a node, then ∇V (r) is obtained with trilinear interpolation. If l scalp electrodes are used to measure the EEG, l − 1 electrode pairs can be found with linear independent potential differences. Therefore l − 1 numerical forward calculations are performed and stored. The l − 1 potential differences at the l − 1 electrode pairs are then transformed in l average referenced potentials at the l electrodes. Together with the finite difference method (FDM-R) we will use this to perform simulations, described further on.
The inverse problem
Solving the inverse problem consists in finding the parameters of the dipole source that best explain a set of measured potentials. We find the optimal position r opt and moment d opt for the input potentials V in ∈ R k×1 at k scalp electrodes. This is done by minimizing the relative residual energy (RRE) (Vanrumste et al 2000) ,
where V model ∈ R k×1 are the average referenced potentials obtained from the forward model. · indicates the L 2 -norm. C(r) is zero for dipole positions in the brain compartment (the cortical shell, white matter shell and thalamic shell) and is set to a high value elsewhere. This additional term will restrict the solution of the inverse solver to the brain compartment. The Nelder-Mead simplex method is used to find the global minimum of the RRE, because of its simplicity and robustness against local minima (Press et al 1995) .
Methods
In our study we used a five-shell spherical head model, with the following compartments: the thalamic inner sphere, white matter sphere, cortical sphere, skull and the scalp, with radii of 20, 70, 80, 86 and 92 mm respectively. Only the white matter sphere and the skull were made anisotropic. Figure 3 illustrates the five-shell spherical head model. The electrodes were placed according to the standard 10-20 system with six additional electrodes on the temporal region.
For the FDM-R method we divided the five-shell spherical head model into cubic grids of 3, 2 and 1 mm. By using a fine grid we can assume that the dipole localization errors due to electrode mislocation are negligible, hence there will always be a lattice point at an electrode location. Test dipoles were placed in the grey matter inner sphere, white matter sphere and grey matter outer sphere, distributed along the axial (XY), sagittal (YZ) and coronal (XZ) plane. The X-, Y-and Z-axis are oriented along the left-right, back-front and bottom-top direction of the head model, respectively. The distance between the test dipoles was 5 mm. In the XY plane there were 777 test dipoles and in the XZ and YZ plane there were 586 dipoles. We did not consider test dipoles that were inferior than the most inferior electrode position. For each location, we also considered three orientations according to the Cartesian coordinate system: the X-, Y-, Z-orientation. The total number of test dipoles is (777+2×586)×3 = 5847, for each head model.
The radial σ r and tangential conductivities σ t are calculated using the volume constraint, which is explained in the appendix. The volume constraint states that the volume of the anisotropic conductivity ellipsoid should be equal to the volume of the isotropic conductivity sphere. For the isotropic conductivity values we use σ 
Dipole localization errors due to omitting an anisotropic conductivity
First we investigated dipole localization errors due to incorporating an isotropic instead of an anisotropic conducting compartment. The dipole localization errors of this part of the study are used as a reference for the following simulations. The setup of this simulation study can be made from a general setup, shown in figure 4 . The potentials at the electrodes were calculated The dipole localization error due to using an isotropic white matter conductivity instead of an anisotropic one. The localization error in both figures is represented as an arrow in each test dipole: the tail of the arrow shows the original position while the tip shows the fitted position; the plane of dipoles was in the XY plane and the orientation of the test dipole was oriented along the X-axis. For other planes of dipoles and other dipole orientations, we obtain similar results.
by using the analytical expression for a given dipole in the brain compartments in a five-shell spherical head model with skull or white matter compartment being anisotropic. Next, for the set of potential values at the 27 electrodes, the dipole parameters were estimated for a five-shell spherical head model but with the initial anisotropic conducting compartment set to isotropic. The dipole localization errors were then inspected.
Dipole localization errors due to using FDM-R in a spherical head model with isotropic conducting compartments
The aforementioned numerical method was validated in isotropic conducting compartments. We applied the analytical expression for a given dipole in the brain compartments in a fiveshell spherical head model with all compartments set to isotropic. The resulting electrode potentials were then used to solve the inverse problem in a five-shell spherical head model with all compartments set to isotropic, but using FDM-R. The simulation set-up can be obtained by using an analytic formula in the forward problem and the FDM-R method for the inverse problem in figure 4. Here also, the dipole localization errors were then inspected.
Dipole localization errors due to using FDM-R in a five-shell spherical head model with anisotropic conducting compartments
Finally, we validated the aforementioned numerical method, FDM-R, in the five-shell spherical head model with skull or white matter compartments set to anisotropic conductivity values. The flowchart of this simulation study can be derived from figure 4: the potentials at the electrodes were calculated by using the analytical expression for a given dipole in the brain compartments in a five-shell spherical head model with skull or white matter compartments set to anisotropic conducting values and all other compartments set to isotropic. Next, using FDM-R the inverse problem was solved for the set of potentials in a five-shell spherical head 
Results
Dipole localization errors due to omitting an anisotropic conductivity
Figure 5(a) shows the dipole localization error due to using an isotropic skull conductivity instead of an anisotropic one. The results are only shown for the XY plane of dipoles and a dipole orientation in the X direction. For the other cases we obtain similar results. The localization error is represented as an arrow in each test dipole position: the tail of the arrow shows the original position while the tip shows the fitted position. The arrow is projected on the plane, containing the test dipoles, as the error in the direction perpendicular to the plane is very small ( 0.5 mm). The arrows at the grey matter outer sphere are pointing inwards indicating that the dipoles in that compartment are estimated towards the centre. Note that in the figure some of the arrows are not depicted to obtain a clearer presentation. Figure 5(b) shows the dipole localization error due to using an isotropic white matter conductivity instead of an anisotropic one in the same way as explained above. The dipoles in the inner grey matter compartment are estimated away from the centre, as is shown by the arrows. It is not clearly shown in figure 5 , but due to the specific electrode configuration the overall results are not spherically symmetric. Figure 6 shows a histogram (bin width 2 mm) of the dipole localization error for not including skull and white matter anisotropy.
Omitting skull anisotropy gives rise to a mean localization error of 13.73 mm. Note that there are no errors larger than 25 mm. The histogram peaks around 17 mm.
In the case of omitting white matter anisotropy the mean localization error is 11.21 mm. Here, a more uniform distribution is observed. Figure 10 . The histogram of the dipole localization errors for using FDM-R in a five-shell spherical head model with a skull anisotropic conducting compartment is shown at a grid size of (a) 3 mm, (b) 2 mm and (c) 1 mm, respectively. The dipole localization error is denoted on the X-axis in mm. The Y-axis indicates the percentage of dipoles which belongs to a range of dipole localization errors indicated by the bin. To place these results in a broader context, we also repeated (d) the histogram of the dipole localization errors due to using an isotropic instead of an anisotropic skull compartment.
Dipole localization errors due to using FDM-R in a five-shell spherical head model with isotropic conducting compartments
Each row in figure 7 represents the dipole localization error for a given grid size. We distinguish a 1, 2 and 3 mm grid. The three columns represent the errors for a fixed dipole orientation. The mean localization errors are 1.43 mm, 0.78 mm, 0.48 mm for a 3 mm, 2 mm and 1 mm grid size respectively. The colour indicates the dipole localization error. We can see that at a 3 mm grid size, the dipole localization errors are greater than a 2 mm grid size, which has greater dipole localization errors as a 1 mm grid size. Figure 8 shows the histogram of the dipole localization error for (a) 1 mm grid size, (b) 2 mm grid size and (c) 3 mm grid size. The finer the grid, the more the distribution is skewed to the left. Note that for a 1 mm grid size there is no larger dipole localization error than 3 mm. Figure 9 shows the dipole localization error when only skull anisotropy is incorporated in the FDM-R and spherical lead model, for dipole orientations along the Cartesian axes and Figure 11 . The dipole localization error if the white matter layer is anisotropic, is shown at different grid sizes. The colour denotes the distance between the original dipole and the estimated dipole in mm. The rows show the dipole localization error at a same grid size, while the columns show the dipole localization error when the original dipole orientation is considered fixed. different grid sizes. We obtain a mean dipole localization error of 9.229 mm for a 3 mm grid size (standard deviation: 3.905 mm, maximum: 21.765 mm), 6.086 mm for a 2 mm grid size (standard deviation: 2.765 mm, maximum: 16.541 mm) and 2.551 mm for a 1 mm grid size (standard deviation: 1.192 mm, maximum: 6.793 mm). For a 3 mm grid size we see large dipole localization errors, which are located near the interface of the white matter shell and the grey matter outer shell. As the grid size decreases, the dipole localization errors decrease.
Dipole localization errors due to using FDM-R in a five-shell spherical head model with anisotropic conducting compartments
The histogram of the dipole localization error is given in figure 10 . We can appreciate that the distribution of the errors shifts to the left, when moving from a coarse to a fine grid. It is important to note is that at a 1 mm grid size the dipole localization error has an upper boundary equal to 7 mm. To place these results in a broader context, we also repeated the histogram of the dipole localization error due to using an isotropic instead of an anisotropic compartment (see figure 10 (d) ). Figure 11 shows the dipole localization error when only white matter anisotropy is incorporated in the FDM-R and spherical head model, for dipole orientations along the three Cartesian axes and different grid sizes. We obtain a mean dipole localization error of 3.078 mm for a 3 mm grid size (standard deviation: 3.171 mm, maximum: 34.142 mm), 1.695 mm for a 2 mm grid size (standard deviation: 1.434 mm, maximum: 12.047 mm) and 1.044 mm for a 1 mm grid size (standard deviation: 1.107 mm, maximum: 11.606 mm). The dipole localization errors are smaller than those when only skull anisotropy is incorporated in the FDM-R. At a 3 mm grid size the dipole localization is worst at the basal part of the brain, below the centre. The histogram of the dipole localization error is shown in figure 12 . We can Figure 12 . The histogram of the dipole localization errors for using FDM-R in a five-shell spherical head model with a white matter anisotropic conducting compartment is shown at a grid size of (a) 3 mm, (b) 2 mm and (c) 1 mm, respectively. The dipole localization error is denoted on the X-axis in mm. The Y-axis indicates the percentage of dipoles which belongs to a range of dipole localization errors indicated by the bin. To place these results in a broader context, we also (d) repeated the histogram of the dipole localization errors due to using an isotropic instead of an anisotropic white matter compartment.
see that the anisotropy is modelled very adequately. Moreover, the upper boundary of the dipole localization error at a 1 mm grid size is 6 mm.
Discussion
Firstly, we investigated the dipole localization errors due to using isotropic conducting compartments instead of an anisotropic one. We found that the dipole localization error is on average 13 mm and 11 mm for skull and white matter compartments respectively. Similar results were found by Haueisen et al (2002) . Secondly, we validated FDM-R for isotropic spherical head models. Other studies obtain mean localization errors of 3.4 mm and 2.2 mm, for a 3 and 2 mm grid size in a spherical head model (Vanrumste et al (2001) . In the latter, FDM-R was also used, but the computational points were located at the centre of the elements. By moving the computational points to the nodes of the elements as shown here, we can obtain a smaller mean localization error of 1.43 mm, 0.78 mm and 0.48 mm for a 3 mm, 2 mm and 1 mm grid size respectively. We also used 18 neighbours instead of 6 to calculate the potentials which also could be more beneficial.
We also performed a validation study of the FDM-R in anisotropic spherical head models. To our knowledge no other study addressed this. Studies by Wolters (2003) and Zhang et al Figure 13 . The mean dipole localization error due to discretization in head models with isotropic conducting compartments, with an anisotropic conducting skull compartment and with an anisotropic conducting white matter compartment as a function of the grid size.
(2004) mainly assess the effect on the forward problem by means of correlation coefficients, but do not perform an estimation of the dipole parameters.
Note as shown in figure 13 the dipole localization error when assuming anisotropic compartments is bigger than the dipole localization error when assuming isotropic compartments. In the anisotropic head models, there is not only a discretization of the potential values, like in the isotropic head models, but there is also a discretization of the conductivity tensors. In a numerical head model, an element belonging to an anisotropic compartment has a fixed matrix representation of the conductivity tensors. The conductivity tensors are dependent on the direction of the anisotropy, which is dependent on the vectors tangential to the skull surface for the skull anisotropy. These vectors are only calculated on discrete places in the skull layer. In reality, the vectors can be written as continuous functions.
The time needed to calculate the lead-field matrix using FDM-R in the present study was on average 10 min, 40 min and 14 h for a 3 mm, 2 mm and 1 mm grid size respectively. For a 1 mm grid size a lot of disc I/O was required to solve the forward problem due to memory limitations. Using the reciprocity theorem, the inverse problem is solved very fast. The time needed to estimate a dipole was on average 2-4 s. Algebraic multigrid (AMG) solvers can be used to improve the calculation time (Mohr and Vanrumste 2003) .
We are aware that the white matter compartment is not realistically modelled. In this study, we assumed that the white matter fibres started at the edge of the inner grey matter sphere and spread radially to the edge of the outer grey matter sphere. In reality, the white matter fibres can also have a tangential direction, as is the case in the corpus callosum and in the formatio reticularis. One way to determine a more precise direction of white matter fibres is by fibre tracking in diffusion tensor images (DTI) (Tuch et al 2001 , Tuch 2002 .
Although the average dipole localization error for using, FDM-R with an anisotropic skull compartment is 2.5 mm, we still can note errors larger than 6 mm. Note, however, that the average localization error due to using isotropic instead of anisotropic compartments is 13.3 mm, which is about twice the worst case scenario of the performance of FDM-R.
The results shown in the present study indicate that FDM-R can be used for realistic head models. One way to do this is by dividing the head in cubes of a specific grid size. The smaller the grid size, the smaller the dipole localization error due to using FDM-R, but the larger the memory and computational needs. Once the head model is made the inverse problem can be solved. With the use of reciprocity, the number of forward calculations, needed to solve the inverse problem, can be reduced very significantly.
In the future we plan to use this numerical method in realistic head models with realistic anisotropic conductivity. This conductivity can be measured by a recently developed imaging modality: diffusion tensor magnetic resonance imaging. By using this technique, we can measure the direction of the anisotropy. We can subsequently calculate the anisotropic conductivities in the elements by means of the volume constraint. Here, we hope that the use of more realistic models results in a more accurate dipole estimation.
Conclusions
We investigated the influence of the anisotropic conductivities of brain tissues on EEG dipole analysis. Neglecting the skull anisotropy and white matter anisotropy yields mean dipole localization error of 13.73 mm and 11.21 mm, respectively. These errors are not negligible and the anisotropic conductivities have to be incorporated in the volume conductor model.
A validation of the FDM has been carried out in isotropic media. This was done by posing the conductivity tensors in each element as diagonal matrices. We investigated the performance of FDM-R by means of the dipole localization error. We varied the grid spacing of the lattice of the numerical method from 3 to 1 mm. We found that the mean dipole localization errors are very small: 1.48 mm, 0.78 mm and 0.48 mm for a grid size of 3 mm, 2 mm and 1 mm, respectively. As a rule of thumb we can conclude that the error is on average half the grid size. From this part of the study we can conclude that the method works for isotropical head models.
To our knowledge, we were the first to apply reciprocity to solve the forward problem in a volume conductor model with anisotropic compartments. The skull was modelled as an anisotropic layer, where the conductivity in the tangential direction was 10 times bigger than in the radial direction to the skull surface. In this case, we also compared the analytical head model with the numerical head model, both with the anisotropic skull layer by means of the dipole localization error. The results for the mean dipole localization error in a function of the grid size can be found in figure 13 . For a grid size bigger than 1 mm, the mean dipole localization is bigger than 3 mm. This means that the above FDM method cannot adequately model the skull anisotropy if the grid size is bigger than 1 mm. In order to model the anisotropy adequately, we must consider the grid size of the lattice of the FDM to be 1 mm or less.
